The purpose of this study is to test a hypothesis that involvement of the low-magnitude, high frequency strain components in the walking-induced bone strain is essential to elicit the osteogenic response of osteoblasts to the bone strain. To this end, a strain waveform recorded in vivo on a radius of a walking dog (original strain) was used to stimulate osteoblasts cultured in a porous, hydroxyapatite-deposited collagen matrix. The cells were loaded under three different strain waveforms: the original strain with 0 -50 Hz components, and low-pass filtered strains limited to either 0-5 Hz components or 0-2 Hz components. We found that the original strain and the 0-5 Hz strain elevated significantly mRNA levels of stress-sensitive or bone-formation related genes such as c-fos, cyclooxygenase 2, egr1 and osteocalcin. There was no significant difference between these two strains in the mRNA levels. The 0-2 Hz strain increased significantly only osteocalcin mRNA level, but the level was about 30% of those in the original and the 0-5 Hz strains. It was concluded that involvement of strains from 2 to 5 Hz is essential, but high-magnitude, lower frequency strains from 0 to 2 Hz and low-magnitude, higher frequency strains from 5 to 50 Hz are not, to elicit the osteoblastic response to the walking-induced bone strain.
Introduction
During walking, bone is exposed to mechanical strain and experiences not only high magnitude, low frequency strains at a walking cycle (1 -2 Hz), but also low-magnitude, high frequency strains (1, 2) . Turner et al. (2) reported that walking significantly increased the frequency components of radius bone strain in a range of 15 -30 Hz in a dog model, but the magnitude was very small. Although walking has osteogenic effect (3) , little is known about the contribution of the low-magnitude, higher frequency strain components to that effect. Previous studies have reported that low-magnitude, high frequency vibration itself has an osteogenic effect in vivo. Rubin et al. (4) demonstrated that low-magnitude, high frequency bone strains brought on by a whole-body vibration platform were capable of inducing significant osteogenesis in the trabecular bone of proximal femur using an animal model (sheep). Furthermore, low-magnitude, broad frequency vibration up to 50 Hz, resembling noise, was reported to improve sensitivity of a mouse ulna to high-amplitude mechanical loading at 2 Hz, which represents a stochastic resonance phenomenon in mechanical Vol. 4, No. 3, 2009 adaptation of bone (5) . Based on the above findings, we hypothesized that involvement of the low-magnitude, high frequency strains in walking-induced bone strain is essential to elicit the osteogenic response of osteoblasts to the bone strain. The purpose of this study was to test this hypothesis using osteoblasts cultured in a bone-like porous matrix. Using an in-vitro loading system, a bone strain waveform recorded in a walking dog (2) was applied to osteoblasts cultured in a hydroxyapatite-deposited collagen matrix, and mRNA levels of selected stress-sensitive or bone-formation related genes were measured.
Materials and Methods

Cell Culture
Porous type I collagen matrix (CollaCote, Centerpulse Dental, CA, USA) was used as a scaffold for osteoblasts cultures. The matrix was treated with hydroxyapatite (HA) before it was used for cell culture as previously described (6) . Mean-pore size measured by scanning electron microscopy after this HA deposition treatment was ~ 56 µm in diameter. MC3T3-E1 osteoblasts (1 x 10 6 cells) at a passage number of 20 were seeded into the HA-deposited matrix (20 mm in width x 16 mm in length x 2 mm in thickness). The matrix populated by the cells were pre-cultured for 3 hours prior to loading in the α-modified minimal essential medium (MEM) with 10% fetal calf serum and 1% antibiotics at 37°C with 5% CO 2 .
Mechanical Loading
A piezoelectric mechanical loading device (7, 8) (Fig. 1A ) was employed to apply a mechanical strain to the HA-deposited porous collagen matrix contained with cultured osteoblasts (6) . In this culture-loading system, a cyclic strain is able to generate oscillatory fluid flow in the matrix pores since the porous matrix is filled with the culture medium. Therefore, osteoblasts are stimulated mechanically by both the fluid flow and substrate strain in this loading environment (6) , which was designed for simulating physiological mechanical environment in bone. 
Strain waveforms
The following three strain waveforms were applied to the matrix populated by the cells ( Fig. 2A): (1) an in-vivo bone strain consisting of 0-50 Hz frequency (original strain), which was recorded in situ on a radius of a dog during walking using a strain-gauge technique at 100-Hz sampling rate for 2 sec (2) , representing that the bone is loaded intermittently; (2) a low-pass filtered waveform retaining strains under 5 Hz frequency (0-5Hz strain), which still keeps well the intermitted form of the original one; and (3) a low-pass filtered waveform retaining strains under 2 Hz frequency (0-2Hz strain), which represents the primary components of walking cycle. In this study, these strains were given to the matrix in the form of apparent strain, which is determined by dividing applied deformation to the matrix by the original length (16 mm) of matrix in the loading direction. To obtain the low-pass filtered strain waveforms, Fast Fourier Transform (FFT) and the Inverse Fast Fourier Transform (IFFT) techniques were employed. The selected strain components were cut off on the frequency spectrum of the original strain waveform, which was given by FFT ( Fig. 2B) , and then this filtered frequency spectrum was returned to time domain by IFFT.
Repeating these 2-second length strain waveforms 90 times, the cells were stimulated mechanically for 3 min, which was determined referring to our previous study (6) . In this repetition, the ending points of a strain waveform were connected smoothly to the starting point of the next one by replacing several points around the connection with points determined from a regression line for the selected points. The filtering did not affect the magnitude of strain waveform ( Strain power, which was determined by the integration of µstrain 2 on the frequency spectrum, also decreased to 99% and 83% of that of the original strain by the 0-5 Hz filtering and by the 0-2 Hz filtering, respectively.
Histology
To conform the histological characteristics of the HA-deposited matrix populated by osteoblasts and discuss the mechanical micro-environment in the matrix, the von-Kossa staining with MacNeal's tetrachrome counterstain on a paraffin section and the scanning electron microscopy (SEM) were performed. The matrix was fixed for 12 hours after seeding with a 100-mM cacodylate buffer containing 2% paraformaldehyde and 2% glutaraldehyde. The samples was then dehydrated in a series of graded ethyl alcohols, embedded in paraffin, sectioned at 5 µm in thickness and stained by von Kossa method with MacNeal's tetrachrome counterstain (9) . After the dehydration, some matrices in 100% alcohol were frozen using liquid nitrogen and fractured. The fractured matrix was then re-hydrated and post fixed with 1% osmium tetroxid in 0.1M phosphate buffer for 1-2 hours, and dehydrated in a series of graded ethyl alcohols. The matrix was dried using a critical point dryer (Samdri-780, Tousimis Research Corp., MD, USA), and coated with gold-palladium by sputter deposition (Hummer V, Anatech LTD., VA, USA). SEM (Amray 1000A, KLA-Tencor, MA, USA) observation was performed for the fracture plane of the matrix at 20 kV. Based on the SEM image of the matrix, the pore sizes of the matrix were measured and the average pore size was determined.
Semi-quantitative RT-PCR
One hour after the mechanical treatment, the matrices were removed from the chamber of the mechanical stimulator. Total RNA was extracted using a kit (Qiagen Inc., CA, USA) and the isolated RNA was reverse-transcribed as described previously (10) .
Semi-quantitative RT-PCR was performed using a thermal cycler (Gene-Amp PCR system 2400, Perkin Elmer, CT, USA). The reverse-transcribed cDNA was amplified for 30 cycles as follows: 94°C for 1 min; 60°C for 30 sec; and 72°C for 30 sec, with primer pairs specific to c-fos, cyclooxygenase 2 (cox2), egr1, collagen type I, osteopontin (OPN), and osteocalcin (OC) ( Table 1 ). Glyceraldehyde-3-phosphate dehydrogenase (gapdh) was used as an internal control. The total cycle of PCR was adjusted to allow for linear amplification. PCR products were electrophoresed on 1.2% agarose gel and visualized with ethidium bromide. The intensity of electrophoretic bands was quantified using PhotoShop (Adobe Systems Inc., CA, USA). The RT-PCR analysis was conducted on at least two samples for three independent experiments. 
Data Analysis
In order to examine statistical significances in RT-PCR data, analyses of variance (ANOVA) followed by Tukey-HDS post hoc tests were conducted among the groups with a significance level at p < 0.05 using StatView software system (Version 5.0, SAS Institute Inc., Cary, NC).
Results
Histology
On a von-Kossa stained section with MacNeal's tetrachrome counterstain, most cells were observed in the vicinity of HA-deposited matrix stained by black (Fig. 3A) . The cells were apparently anchored and extended their processes on the matrix surface. SEM represented that the cell settled down on the surface of HA-deposited matrix, on which HA crystals grew (Fig. 3B) . (9) . The letters, "C" and "M," indicate cells and mineralized matrix, respectively. (B) SEM image of an osteoblast on the surface of the matrix taken by the freeze-fracturing method. The arrow points the osteoblast.
Messenger-RNA expression
As compared with the 0-2 Hz strain and no-loading control, the original strain and the 0-5 Hz strain elicited a significantly higher level of c-fos, cox2, egr1, and OC mRNAs (Fig.  4 and 5) . The up-regulation of these genes showed no significant difference in the cells loaded with the original strain or loaded with the 0-5 Hz strain. The levels of c-fos mRNA in the cells loaded with the original strain and in the cells loaded with the 0-5 Hz strain were 4-fold and 2-fold higher than that in the cells loaded with the 0-2 Hz strain or in the unloaded cells, respectively. As compared with the 0-2 Hz strain, these two strains with components over 2 Hz increased significantly the expression level of cox2 2.7 fold, egr1 14-20 fold, and OC 2.5-3 fold mRNAs. No mRNA expression of cox2, egr1, and OC was detected in the no-loading control. Expression of mRNA's for collagen-type I mRNA and OPN mRNA appeared to be not affected by loading at any of these conditions. 
Discusssion
Our result showed that expression of osteogenesis genes such as c-fos, cox 2, egr 1, and OC is up-regulated in osteoblastic cells by the 0-5 Hz strain and the original strain with 0-50 Hz components, but not by the 0-2 Hz strain. The results of this study suggests that osteoblasts are highly sensitive to the in-vivo bone strain components from 2 to 5 Hz, but are less sensitive to the strain components from 0 to 2 Hz and from 5 to 50 Hz. It is well known that high loading frequency or strain rate can elicit bone formation more efficient than low loading frequency or strain rate in vivo (1, 11) , which is supported by the results of our study. In the in-vivo recorded bone strain waveform used in this study, the percentage of strain power (µstrain 2 ) from 5 to 50 Hz was only 1% (Fig. 2) , which might explain why there is less response of osteoblasts to these strain components.
The RT-PCR results showed that the early-response genes such as transcription factor c-fos, cox2, and egr1 responded to the original and the 0-5 Hz strains, but only one of three bone matrix protein genes exhibited changes in expression (OC, but not collagen type I and OPN). It has been reported that collagen type I and osteopontin are also expressed by osteoblasts in newly formed bone in vivo in response to mechanical stress (12) . Given the early time point we examined (four hours after the cell seeding and one hour after the mechanical stimuli), this apparent discrepancy is not unexpected. While the use of a single acute time point does represent a limitation of this study, the result clearly demonstrates that osteoblastic cells responded differently to the various waveform regimens. Several studies support that the increase in interstitial fluid flow in the matrix due to increased strain rate could be a direct factor in stimulating the up-regulation of the stress-sensitive genes in osteoblasts. Turner et al. (13) demonstrated ex vivo that streaming potential of bone, which was used as an indicator of intracortical-fluid flow, increased with increasing loading frequency. Fluid flow itself is known to be a more potent stimulator to osteoblasts in vitro than strain (14) (15) (16) . For the underneath mechanism, McGarry et al. (17) found that fluid shear stress resulted in approximately 8-time larger displacement on the apical surface of the cell than those due to the cell-substrate interface. It should be noted the pore sizes of the matrix (~56 µm) used in this study are much larger than those in cortical bone tissue (varied from 20 nm to 10 µm (18) ) but closer to the pore-sizes of trabecular bone (varied from 50 to 500 µm (19) ). There are many studies discussing load-induced fluid flow in cortical bone tissue, while few studies have investigated fluid flow though the pores of trabecular bone tissue and its osteogenic effect. Qin et al. (20) demonstrated using an avian model that the intramedullary pressure in response to a step-load to an ulnar bone decayed in roughly 100 ms. The decaying of the intramedullary pressure indicates a leakage of fluid out of the bone, suggesting an existence of fluid flow in trabecular bone tissue as well as cortical bone tissue. Further study is necessary to reveal the characteristics of load-induced fluid flow in trabecular bone tissue. This study supports a concept that high impact exercises such as running or jumping, which involve more high frequency components than walking does (21, 22) , could have a higher impact on strengthening bone. Previous studies reported that high-impact loadings within the physiological range could effectively stimulate new bone formation (23) (24) (25) .
Umemura et al. (24) demonstrated that rats with only five jumps per day show significantly greater cortical cross-sectional area and maximum fracture loads in their tibia. In the application of such high impact loadings to osteoporotic bones, however, it should be noted that these loadings increase risk of fracture. From our results, it was concluded that involvement of strain components from 2 to 5 Hz is essential to elicit the osteoblastic response to the walking-induced bone strain, but the high-magnitude, lower frequency strains from 0 to 2 Hz, which is the primary components of the walking cycle, and the low-magnitude, high frequency strain components from 5 to 50 Hz are not, supporting partly the hypothesis. It is noted that these numbers of frequency Vol. 4, No. 3, 2009 should vary depending on species and how to select frequencies to be cutoff. To consolidate this finding, it should be validated with other walk-induced bone strain data, in particular, from humans, for longer culture periods to make the matrix more like bone, and beyond the mRNA level. Nevertheless, our finding can explain qualitatively the role of the low magnitude, high frequency bone strain components on the osteogenic effect of walking, and would contribute useful information not only to the basic bone mechnobiology dealing with the mechanics of mechano-adaptation of bone, but also to the clinical field developing effective exercise programs to prevent osteoporosis.
